Predicting the impact of invasive and emerging diseases
Forest ecosystems are suffering from damage by pathogens worldwide [1] . Forest pathogens can attack all parts of the trees and may remain for extensive periods in an infected site. Armillaria spp., causing root rot of many tree species, can form individual mycelial networks that are among the oldest and largest of terrestrial organisms [2] . The economic impact of forest disease can be huge: Heterobasidion root rot to conifers alone causes losses in the order of 600 million euros annually in European forests [3] . The effects on ecosystems and their services can also be substantial [4] . Fungal and fungal-like pathogens are the main cause of both chronic and emerging infectious diseases, including examples of anthropogenically introduced fungal epidemics such as Dutch elm disease and chestnut blight [5] . Diebacks caused by members of the Oomycete genus Phytophthora can be exceedingly devastating, particularly when having a broad host range. For example, Phytophthora cinnamomi has killed plants in 34 genera in Australia [6] , and P. ramorum is responsible for the recent sudden oak death in the USA and sudden larch death in the UK [7, 8] .
Over the past century, the amount of damage caused by invasive pathogens and emergent diseases to forest ecosystems has increased, with negative consequences in economic and ecological terms [5, 9] . To understand the nature of these novel interactions, scientists have tried a number of theoretical approaches to predict new invasions [10, 11] . The lack of coevolutionary history has been repeatedly suggested as the main reason why alien pathogens can severely & 2016 The Author(s) Published by the Royal Society. All rights reserved. damage naive hosts [12] . This idea has been used to explain cases where introduced pathogens have had huge impacts on naive hosts, causing diseases such as chestnut blight, Dutch elm disease, ash dieback and laurel wilt [13] . We appreciate that host-pathogen interactions can take several coevolutionary trajectories over time [14] , but it is quite clear that introduced tree pathogens historically have been a major cause of disastrous epidemics [5] . However, concentrating solely on the lack of coevolution has failed to explain why certain invasive pathogens become epidemic on novel hosts in certain areas, whereas in other areas, the trees are undamaged (e.g. Dothistroma needle blight, Diplodia pinea or several soil-borne Phytophthora spp.). For these and many other pathogens, the impact of the pathogen is associated with either how stressing the conditions are for the host or how conducive the conditions are for the pathogen, underlining the need to include the role of the environment when predicting disease impacts for invasive pathogens [15] .
Assuming that host and pathogens coevolve within certain environmental conditions, we propose that the disease impacts on a host can be explained as the interaction of two components: the lack of coevolution with the pathogen and the lack of evolution with the environment. Here, we have integrated these two components into one framework to examine the impacts caused by native, invasive and emerging pathogens (figure 1). By including the environment in the framework, we are able to focus on the role of the phenotype of the host and the pathogen and their physiology in determining the impact of the disease. This view expands current efforts to predict disease from a strict genetic incompatibility/compatibility perspective, in which unbalanced interactions result from a maladaptation of the defence system that does not enable the host to avoid/recognize the pathogen at the molecular level [11, 12] , and includes the interaction with environmental processes occurring at larger spatial scales such as tree, stand or landscape level [16] . It also complements an invasion biology perspective by trying to predict the likelihood of invasions (based on the capacity of the pathogen to establish and spread in a new environment) depending on the traits of the host or the pathogen [5, 10] , by focusing on the mechanisms leading to high disease impacts on the host [17] .
We propose that an evolutionary approach considering the lack of interaction with the environment and the pathogen can explain why and where invasive and native pathogens may cause large impacts on tree hosts. Here, we review how trees adapt to environmental shifts and how this affects their capacity to deal with pathogens by putting special emphasis on the role of the phenotype. From this perspective, we also explore the current drivers of disease emergence, such as globalization and climate change, and how these can cause coevolutionary imbalances in different ways. We then explore how considering host-pathogen phenotypic interactions can help to predict the occurrence of specific invasive and emergent diseases by using Gremmeniella abietina in Sweden as an example. We conclude by suggesting research questions and experimental approaches to improve our capacity to predict disease emergence in forests.
Focusing on the environment: phenotypic interactions
Among the recent literature dealing with invasive forest pathogens, there are few articles that highlight the role of the phenotype in host-pathogen interactions. Common garden experiments are good illustrations of the relevance of phenotypic versus genotypic variation for determining host resistance. Disease resistance in plants is either genetically controlled by a few (R genes) or several loci (i.e. quantitative and qualitative resistance, respectively) [11] . For instance, in a system where resistance is controlled quantitatively, such as Pinus pinaster resistance against infection by the invasive fungus Fusarium circinatum, a large between-clone variation was observed, indicating significant differences in terms of resistance between genetically identical ramets of the same clone [18] . In the same study, a genetic correlation between growth traits and resistance was observed, indicating that resistant genotypes were also those that showed the greatest growth during the experiment. In a study of potato blight, which is a model disease for studying gene-for-gene interaction in plants, no changes in the expression of R genes were observed as plants became older and more resistant [19] , illustrating the phenotypic dimension of disease in systems controlled by qualitative resistance. Hosts and pathogens interact through their phenotype. Trees and pathogens have coevolved to adapt to each other under certain environmental conditions. Conceptually, unbalanced interactions could occur and produce a similar impact lack of evolution with the environment (phenotypic) lack of host-pathogen co-evolution (genotypic) Figure 1 . Conceptual framework illustrating that disease can cause similar damage (mortality) with varying contributions of two components: lack of coevolution between host and pathogens (G), and lack of evolution with the environment (E). Including the environmental dimension in the disease takes into account the role of the phenotype of the host and the pathogen in the interaction. Red and green arrows indicate the contribution of globalization and climate change, respectively, to the two components. Including the environment also differentiates the concepts of emergence and invasiveness in relation to diseases caused by native pathogens.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150455 when: (i) the host is evolutionarily limited by the environment but not by the pathogen; (ii) the host is neither evolutionarily limited by the environment nor by the pathogen; and (iii) the host and pathogen share an evolutionary history that was forged under different environmental conditions to those currently being experienced, so the host and pathogen, respectively, display either novel or maladaptive phenotypes (figure 1).
Several novel aspects emerge from this model ( figure 1 ). On the one hand, it puts focus on the capacity of the host to adapt to environmental changes and how that influences its capability to cope with pathogens. On the other hand, it aligns both the lack of host-pathogen coevolution and evolution with the environment with two global processes that are currently driving the decline in forest health: globalization and climate change [20] . The addition of these two drivers to the framework shown in figure 1 enables us to differentiate between those pathogens that have jumped host owing to novel climatic conditions (range expansions) and those pathogens that have arrived in a new location owing to human-mediated long-distance dispersal (figure 1). These two components also segregate the 'invasive' component of a disease (caused by exotic pathogens) from the 'emergence' component (a recent increase in the prevalence of the disease owing to environmental changes).
Lack of coevolution with the environment: the role of phenotypic plasticity and plastic responses
Trees have specific ways of adapting to environmental shifts, which is why evolutionary imbalances with the environment can occur that can favour disease. Trees are non-mobile, long-lived organisms that often belong to large outbreeding populations. These features, coupled with slow mutation rates, mean that trees have a low capacity to adapt to rapid environmental shifts via natural selection. Small plants with a short lifespan, for example, rely on genetic diversity to cope with environmental and pathogen shifts [21] . By contrast, trees seem to rely on their phenotypic plasticity [22] , although examples of local genetic adaptation and positive selection have been reported [23, 24] . Phenotypic plasticity is believed to be a key mechanism to enable trees to cope with novel stressors such as climate change [25] . However, flexibility comes at a cost, and phenotypic plasticity may further reduce the already low genetic adaptation capacity of trees [26] . Overall, trees may have difficulties adapting fast enough to novel biotic or abiotic factors that cannot be handled within their phenotypic span. Trees are therefore likely to experience short-and mid-term situations for which they lack a coevolutionary background. Trees adapt to average environmental conditions by regulating morphological and life-history traits such as needle size or leaf shedding. In order to cope with the amplitude of those conditions, they use physiological mechanisms, such as stomatal control against drought, or winter hardening against frost damage. These reversible responses are referred to as phenotypic flexibility as opposed to developmental irreversible phenotypic responses determined by growth conditions during the life of the tree [27] . Developmental and physiological responses can be correlated, so that, for instance, droughtadapted genotypes may not only show structural adaptations to drought, but also more fine-tuned responses to water deficit [28] . Depending on how limiting or variable the environmental conditions are, trees may evolve different strategies, so they rely more on developmental plasticity versus phenotypic flexibility [29] . This trade-off is well exemplified in the genus Pinus in which species adapted to more limiting conditions tend to rely more on constitutive than on induced defence responses [30] . A novel environment may, therefore, be unfavourable for the set adaptive strategies inherited throughout evolutionary history.
Adaptations to certain factors (abiotic and biotic) can be maladaptive for others, especially when extreme values of certain stressors are experienced [22, 31] . This situation can occur in cases where trees are simultaneously exposed to novel or more aggressive pathogens and to novel environmental conditions that cannot be handled within their phenotypic plasticity and flexibility span (figure 1). Several examples of current invasive/emergent forest pathogens fall into this category, especially when affecting tree species on their southern-and northernmost distribution limits [32, 33] . A good example of conflicts between adaptations to different stressors is shown by how different strategies to cope with drought affect the tree's capacity to defend itself against pathogens [34] . Tree species or genotypes can be classified as more anisohydric or more isohydric, depending on their level of stomatal control when subjected to soil water deficits. Isohydric species have strict stomatal control, thus in the case of moderate water deficits they reduce transpiration and C assimilation. By contrast, anisohydric species are able to maintain transpiration for longer because they are better adapted to avoid the occurrence of xylem embolism [35] , which, in turn, allows them to maintain a positive carbon balance for longer. If moderate drought conditions are prolonged for long enough, then isohydric species are predicted to deplete their reserves faster, potentially limiting the amount of non-structural carbon (NSC) for defence [36, 37] . NSC availability is one of several requirements for eliciting a defence against pathogens; therefore, each stressor/ pathogen combination may have different mechanisms behind phenotypic susceptibility.
A phenotype may have varying levels of maladaptation against different types of pathogens. Depending on their trophic interaction with the host, pathogens are classified as biotrophs (feeding on living host cells), necrotrophs (killing host cells before consuming their content) and vascular wilts (interfering with the water transportation system in the xylem of trees). These trophic types are fundamentally different in the way that they interact with the carbon and water storage and transport systems of the tree and, therefore, may benefit differently from the type of plastic and developmental responses used by trees to cope with the environment [38] . Linked to the previous example, biotrophic pathogens, for instance, feed directly on NSC stored in tissues and may have a greater impact on imbalanced trees with an anisohydric strategy (i.e. those trees that maintain larger NSC reserves under drought conditions) [34] . However, an isohydric strategy may favour necrotrophic pathogens whose damage depends on the capacity of the host to mount strong defences, which, in turn, depends on the amount and the accessibility of the NSC available for defence at the site of infection [38, 39] . Vascular wilts may benefit from trees maintaining a higher water potential in the tissues [40] .
Phenotypic plasticity may be maladaptive to events happening simultaneously or at different times during the life of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150455 the tree. An example of this is shown by trees allocating the 'wrong' amount of resources to growth and to defence when facing novel environmental conditions. Although the allocation of resources to growth or defence may be the net result of competing sinks, it can also be actively regulated [41, 42] and, therefore, is part of the plastic and flexible phenotypic repertoire of the tree. A conflict between growth and defence has been observed in Populus tremuloides when resources were most limiting but not under normal conditions [43] , indicating that under stressing conditions a tendency to allocate more resources towards growth could increase the risk of being damaged by pathogens.
Trees are long-lived organisms and during their life they experience a series of events for which their phenotype may or may not be well adapted. In either case, the timing, duration and intensity of events prior to an interaction with a novel pathogen will shape the host phenotype and affect its outcome. In other words, a lack of adaptation to the environment can be expressed in a cumulative way in the long term, ultimately predisposing trees to damage by pathogens. This is the case for tree declines [1] in which not only native, but also invasive pathogens play a role [44] . Under the same environmental shift, certain developmental phenotypes may be more resilient than others, as a result of stresses suffered earlier [45, 46] . Likewise, the outcome of plastic responses to stressors such as defoliation or carbon storage may affect the tree's survival [47] and susceptibility to pathogens years after the stressing event [48, 49] .
When faced with a new environment, hosts may develop a phenotype that increases disease susceptibility by showing a maladaptation to the average environmental conditions, which are determined by more or less constant parameters such as light conditions, soil, temperature or precipitation. In this situation, morphological and life-history traits such as growth or phenology could influence the impact of a pathogen. Phenological mismatch is a well-known mechanism that can limit the damage caused by invasive pathogens [50, 51] . Powdery mildew ascospore production, for example, occurs 30-50 days after the appearance of susceptible new shoots of Quercus robur. A climatic shift could close the gap between the time when new shoots are developing and when spore release is greatest, increasing the impact of this invasive pathogen [50] .
However, disease may occur because of a maladaptation to cope with novel extreme events such as frost, heat or drought conditions by, for example, limiting the amount/access to resources for defence, or increasing repair costs for damaged tissues [37] . Adaptation to novel extreme events may depend on the previous history of events and how the trees reacted to these events. For instance, Quercus ilex seedlings that suffered combinations of drought and waterlogging pre-and postinfection with Phytophthora cinnamomi resulted in different levels of seedling mortality ranging from 40% to 100% [32] . Higher levels of damage by P. cinnamomi were observed in well-watered seedlings that were then subjected to drought than in drought-stressed seedlings that had not previously been well watered.
The environment not only affects the impact of a novel interaction by affecting the capacity of the host to defend itself, but can also bring higher-than-expected inoculum doses. The disease impact depends on the amount of inoculum [52] . Novel conditions may, for example, extend the length of conducive periods, when the pathogen can increase the number of propagules (more cycles) and their viability (e.g. optimal temperature and moisture conditions) [53] . The new environment can affect survival and either favour range expansions or increase the transfer of inoculum across years. Cold winters, for instance, have been shown to limit the distribution of Phytophthora alni and P. cinnamomi as well as the damage caused by these pathogens [54] . These Phytophthora species lack the ability to form coldresistant structures because the hybrid nature of P. alni impedes the formation of viable oospores, and P. cinnamomi lacks the complementary mating type to undergo sex and form thick-walled oospores. At present, the winter temperatures in the northern latitudes of Europe are possibly not high enough to enable these two Phytophthora species to achieve sizeable populations; however, the impacts of P. alni and P. cinnamomi infections could increase if milder winters become more recurrent [55] .
Globalization and climate change interfere with coevolution differently
The two components of disease shown in figure 1 indicate that coevolution can be arrested when either a host or a pathogen with no recent coevolutionary history are moved into close contact with one another, or the environment changes ( figure 1 ). These two processes are connected to two current global human-mediated processes: globalization and climate change (figure 2). Globalization has brought together organisms that have similar climatic requirements, but that have been previously separated geographically by substantial distances, for example, organisms from around the world have been introduced into the Mediterranean area (figure 2) [56] . To maximize the survival of an introduced plant from one continent on another continent, we try to match the environmental requirements of the native environment. The desire to have new and interesting plants in our gardens and parks is driving the interest in growing exotic plants. When production plants are introduced into a new area, there is also often a gain in productivity [57] . This might partly be because the plants have been released from the pathogen and pest load in their native environment [58] . However, minor pathogens or even endophytic fungi can be passive passengers on the introduced plants. Occasionally, such harmless organisms can unintentionally move to another species and end up in an unbalanced pathogenic relationship with a new host species [59] .
Such long-distance spread of pathogenic fungi is not a regular feature of natural ecosystems [53] . However, longdistance wind-borne dispersal of fungal spores can occur, especially in species with pigmented thick-walled spores (e.g. rust spores). In agricultural systems, such as wheat growing, this is thought to be the main way that fungal genotypes are distributed over continental scales during a growing season [60] . Although between-continent spread of rust spores has been reported, this is thought to be exceptional [61] . For species producing hyaline spores, wind dispersal is also important; however, spore viability is reduced under UV light and, therefore, the effective dispersal distance for species producing hyaline spores is normally shorter than that for rusts [62] .
Movement of infected plant material is the main source of inoculum responsible for the introduction of new diseases [63] . The likelihood of bringing in a new species and its successful establishment in a new environment depends on the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150455 amount of plants brought into an area [2] . This, in turn, depends on the trade networks and the size of the economies involved in trade. Consequently, large import/export harbours are key points for the potential entry of diseases. Horticultural trade networks have been shown to be centred on distribution hubs [64] .
In contrast to the situation for new pathogens brought in from another continent where coevolution is unlikely to have occurred, we argue that emerging disease problems arising from climate change are more likely to involve host-pathogen interactions that have at least a partly shared evolutionary history. Pathogens would presumably move more quickly than hosts into new areas in response to a change in climatic conditions. This may end up in scenarios where trees left stressed by new climatic challenges encounter a slightly different set of pathogens that could have moved from areas where they had already adapted to the new climatic conditions (figure 1). It is plausible that over evolutionary time there have been encounters between similar host -pathogen combinations and, therefore, that they may have a more balanced interaction pattern than would be the case for the intercontinental movement of a challenger fungal species. Taking all available data into consideration, it would be plausible to expect a higher risk for large outbreaks of forest disease under the global transportation scenario than under the climate change relatively short-distance movements scenario (table 1) . However, climate change may also lead to a higher incidence of extreme weather events that can incite outbreaks of forest epidemics. It would be of interest to further explore the magnitude of these different forces from an evolutionary viewpoint.
Case study: Gremmeniella abietina in Sweden
An evolutionary perspective, considering both the lack of adaptation of the host with the pathogen and the environment (phenotype), can help to understand current diseases and anticipate future damage. This view may be especially relevant to explain the impacts of invasive and emerging pathogens that cause damage intermittently in space and time, such as Gremmeniella abietina, Dothistroma needle blight, Diplodia pinea, Erysiphe alphitoides and Phytophthora spp. These pathogens represent cases in which non-native hosts show some level of native resistance, and where the interactions with the environment play a major role, i.e. where both lack of coevolution with the pathogen and the environment take place. The role of the environment is not exclusive to pathogens causing intermittent damage; it also influences the impact of highly damaging invasive pathogens. Phenology, for instance, can enable elm trees to escape Ophiostoma novoulmi attacks in Dutch elm disease because of an asynchrony between the life cycle of the disease vector and the period when the twig is most susceptible [65] . Furthermore, the impact of chestnut blight is reduced in situations where the host is subjected to less stressing conditions [66] . The needle pathogen Gremmeniella abietina, which attacks the native Pinus sylvestris and the exotic Pinus contorta in Sweden, is a good illustration of the importance of the two components: that is, the lack of adaptation of both P. sylvestris and P. contorta to the environment, and the lack of adaptation of P. contorta to the pathogen. Both P. sylvestris and P. contorta are more susceptible to the pathogen when planted on more fertile 'spruce sites' than when planted on 'pine sites' [60] . The mechanisms behind this higher susceptibility are not known, but it is plausible that pines develop a maladaptive phenotype specific for this pathogen on fertile sites. Site fertility not only increases growth, but also reduces the number of needle cohorts on the branches, i.e. there is a greater proportion of young needles [67] . Gremmeniella abietina kills the 1 and 2 year old shoots and needles, thus, when growing under fertile conditions, pines develop a phenotype that makes them more susceptible, leaving fewer cohorts of surviving needles than when growing under normal conditions. The link between fertility and susceptibility has been seen in other invasive pathogens such as Diplodia, Dothistroma or Phytophthora [68] [69] [70] , although little is known about the phenotypic mechanism mediating these effects.
In Sweden, in cases where southern varieties of P. sylvestris and P. contorta have been planted in northern locations, greater levels of damage as a result of G. abietina infection have been recorded [71] . The higher level of susceptibility has been linked to winter hardening in connection with frost damage events [72] . Like the situation with G. abietina, susceptibility differences between northern and southern provenances of Pinus greggii to Diplodia pinea seem to be mediated by their resistance to hail damage [73] . In Australia, Eucalyptus provenances with a lower phloem moisture content were more resistant to Phytophthora cinnamomi [74] , although the exact mechanisms are unknown.
Pinus contorta generally suffers more damage as a result of G. abietina infection than P. sylvestris [75] , which seems to be mainly because of greater maladaptation to the Swedish environment. The higher levels of damage suffered by P. contorta could also indicate a lack of coevolutionary history with the pathogen, although inoculation trials suggest that there are mainly qualitative and not quantitative susceptibility differences between these two species [76] . A variant of G. abietina exists in North America, which could explain why P. contorta is not fully naive to infection by the European race of G. abietina. Both species also show similar levels of susceptibility to Dothistroma septosporum, supporting the finding that they share some coevolutionary past [77] . Overall, the higher level of resistance of P. sylvestris to native pathogens such as G. abietina, Heterobasidion annosum and Phacidium infestans than that shown by P. contorta under field conditions [78, 79] suggests either a general mechanism of environmental maladaptation by P. contorta or indeed a certain degree of lack of coevolution with European pathogens.
Gremmeniella abietina is also a good example of an emergent disease driven by climate change. Under very specific conditions, G. abietina becomes highly virulent and moves from tips to branches, causing cankers and killing trees [80] . The crown dieback disease is caused by a different race (large tree type, LTT) of the fungus to the one described above for P. contorta (small tree type) [81] . This pathogen LTT 'phenotype' of crown dieback and tree killing is believed to occur when the inoculum potential is high enough, which depends on a rare 3 year cycle in which a rainy and cool summer occurs in areas where a lot of inoculum is also present because of an epidemic 2 years earlier [82] . Climate change is predicted to increase the frequency of conducive conditions in Sweden, i.e. milder winters and wetter summers [83] and, hence, the risk of epidemics could potentially increase, as seen in the past decades ( figure 3) . Forest disease emergence owing to novel climatic conditions causing higher than normal inoculum potential is also well documented for Dothistroma needle blight [90] .
Further research on phenotypic resistance mechanisms is needed
Through several examples, we have shown that the phenotype and, hence, phenotypic maladaptation, play a large role in tree disease. Biotic factors are key in limiting the capacity of trees to use all their potential phenotypic plasticity and plastic responses [22] and, therefore, are likely candidates to contribute to imbalances with the physical environment. Although understanding the genetic determinants of disease has been the focus of many research studies, we still know little about the physiological mechanisms behind phenotypic tree resistance. The most striking knowledge gap relates to our understanding of how pathogens kill trees. This is a complex process, because pathogens can establish a large array of interactions with the host with differing physiological consequences [37] . Our understanding of how pathogens kill trees is further complicated (i) by a lack of agreement in the scientific community on the mechanisms that lead to tree death, which seem to involve carbon starvation or hydraulic failure, or a combination of both, and (ii) because pathogens often interact with other abiotic factors to kill trees. The complexity of this process is well illustrated in the case of drought and pathogens [36] . Trees can defend themselves against pathogens by compartmentalizing the infection within carbon-expensive barriers [91, 92] , the creation of which requires access to and mobilization of C reserves from source (storage) to sink (infected tissues) [38] . Drought stress reduces assimilation and increases the demand for C owing to reduced assimilation and increased osmotic refilling needs, decreasing the amount of C available for defence [37] . Drought can also reduce phloem transport, limiting the capacity to mobilize C from source to sink tissues [39] . Pathogens can, therefore, benefit from or accelerate damage caused by drought in an interactive way; however, the key drivers of mortality have yet to be determined.
Understanding the mechanisms behind phenotypic maladaptation is crucial in the light of predicted climate changes. In summary, a novel environment may, for instance, increase the conflict between adaptive traits to abiotic and biotic factors, and iso-/anisohydric strategies against drought may influence the capacity of trees to defend themselves from pathogen infections. Pathogens that establish different trophic interactions with the host may be affected by iso-/anisohydric strategies in different ways [34, 37] . Other specific cases of maladaptation, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150455 such as higher levels of damage caused by G. abietina infections in fertilized areas potentially mediated by trees having a lower number of needle cohorts, also deserve attention. The number of needle cohorts is especially relevant in conifer forests in northern latitudes, where much of the year's growth happens during a short period of time, and where early needle losses may have large impacts on fitness [93] . Testing such hypotheses can help to predict which type of trees may be more susceptible to invaders, and what type of pathogens are more likely to emerge and have a negative impact on forest trees following introductions.
Resistance to different pathogens is genetically correlated in plants [94] , which means that predictions beyond species level are possible. For instance, it remains to be understood whether a higher level of adaptation to a certain environment also confers a better general adaptation to pathogens thriving under those conditions. In other words, is there an environmental signal in host-pathogen coevolution? Northern populations of Pinus muricata growing in cooler and moister conditions, such as the conditions needed for D. septosporum development, were found to be more resistant to the pathogen than southern populations growing in warmer and drier conditions, which are less favourable for the pathogen [95] . Similar results have been found for a native pathogen causing Mycosphaerella leaf disease in Eucalyptus [96] . Trees, as long-lived organisms, have both signs of purifying and diversifying selection in defence loci [84] . Plants are able to recognize and defend themselves against closely related pathogens that they have not previously encountered [85] . Likewise, pathogens are able to colonize novel plants as long as they are phylogenetically similar to some of their coevolutionary hosts [86] . Understanding how much these associations vary with environmental conditions could help to quantify the contribution of the lack of coevolution with the environment in tree disease.
Tolerance is emerging as a novel mechanism of defence against invasive pathogens [18] . In theory, a trade-off between resistance and tolerance exists in plants, so that resistance to a certain type/amount of damage is associated with a low tolerance to the same form of damage [97] . Evolutionary benefits of resistance versus tolerance are defined by their relative costs. We have shown that novel conditions may increase the competition between different traits and, thus, could favour tolerant versus resistant strategies, although little is known about the tolerance and resistance determinants in trees [98] . Likewise, the tree microbiome is also part of the phenotype and may be responsible for the lack of coevolution with the environment. The endophytic community in trees plays an important role in helping trees to sense shifts in the environment and mediating responses against biotic and abiotic stressors [53] . Questions such as whether a maladapted phenotype is less likely to recruit a beneficial microbial community or, vice versa, whether recruiting a certain community causes a tree to develop the wrong phenotype, may also help to predict future impacts.
Exotics represent a good study system for testing the importance of a phenotypic maladaptation. Exotics often have novel phenotypes as a result of an interaction with the new environment, which may bring, for example, changes in fertility and rainfall. Exotic pines such as Pinus radiata are an extreme example of this, showing spectacular growth when planted 
